INTRODUCTION
============

*Trypanosoma cruzi* is the etiological agent of Chagas' disease, which affects between 16 and 18 million people, primarily in Central and South America ([@B1]). Apart from its impact on human health, the *T. cruzi* parasite has been extensively studied because of the interesting molecular characteristics shown by the members of the *Trypanosomatidae*. It is known that the transcription of protein-coding genes and mRNA maturation processes in this parasite involve mechanisms that are distinct from those in most higher eukaryotes. In fact, most trypanosome mRNAs are synthesized as polycistronic precursors, and mature mRNAs are generated by trans-splicing and polyadenylation. The trans-splicing process implies joining two separate RNA precursor transcripts ([@B2]). Consequently, mature mRNAs possess a common capped (cap4) 39-nt non-coding mini-exon sequence (called the splice leader sequence \[SL\]) at the 5′ end. Polyadenylation is coupled to downstream trans-splicing ([@B3],[@B4]). It has also been reported that at least 50% of the *T. cruzi* genome consists of repeated sequences, such as retrotransposons and gene families of surface proteins. These repeated sequences have been correlated with the significant genomic polymorphism and the high degree of plasticity this parasite shows ([@B5],[@B6]). The retrotransposons (both the LTR-retrotransposons and non-LTR retrotransposons) possessed by this parasite may be involved in the generation and maintenance of tandem gene structures as well as in the regulation of gene expression ([@B7]). The non-LTR retrotransposons (SINE and LINE) are interspersed replicating elements found in almost all eukaryotes ([@B8]). These retroelements are flanked by a variable length target site duplication sequence, are polyadenylated, and lack the long terminal repeat (LTR) observed in retrovirus and LTR-retrotransposons. LINE elements encode the enzymes involved in their own transposition, whereas the non-coding SINE transcripts are recognized by the LINE retrotransposition machinery and mobilized by the LINE-encoded proteins ([@B8; @B9; @B10]).

The mobilization of non-LTR retrotransposon elements occurs by a mechanism termed target-primed reverse transcription (TPRT), in which the RNA encoded by the element is reverse transcribed. The newly synthesized DNA copy is integrated at a new site in the genome ([@B11]). Retrovirus and LTR-retrotransposons use long terminal repeats to synthesize complete cDNAs which maintain their promoters ([@B12]). However, non-LTR retrotransposons do not possess LTRs. Since the initial step in the LINE self-retrotransposition process requires transcription of the full length of the element to guarantee a transcriptionally competent (and autonomous) new version, it has been proposed that these elements ought to contain an internal promoter. To date, the type of RNA polymerase that participates in the transcription of LINEs has not been clearly identified, although both RNA polymerases II and III have been implicated in the transcription of human LINE-L1, and recent data strongly suggest that L1 transcription is mediated by the former ([@B13]).

L1Tc is the best represented LINE in *T. cruzi*, and it has been found in most, if not all, of the chromosomes of the *T. cruzi* strains analyzed to date. It is actively transcribed in all three stages of the parasite\'s life cycle ([@B14]). At least 15 theoretically retrocompetent L1Tc elements have been identified in the *T. cruzi* genome ([@B5]). L1Tc has been reported as being associated with a gene coding for a transporter protein belonging to the ABC family ([@B15]), as being integrated into the coding sequence of the DNAj gene endowed with chaperone activity ([@B16]), as present in the expressed RHS multigene family located in a subtelomeric region, and as associated with SINE-like sequences ([@B17; @B18; @B19]). It codes for all the enzyme machinery involved in its retrotransposition, including AP endonuclease ([@B20]), 3′ phosphatase, 3′ phosphodiesterase ([@B21]), reverse transcriptase ([@B22]), RNAse H ([@B23]) and a nucleic acid chaperone ([@B24]).

The absence of reports on the presence of promoters in genes encoding proteins in the *T. cruzi* genome, together with the significant role of active LINE elements, raises the question of how the transcription of L1Tc occurs. In the present work we show that the first 77 base pairs of L1Tc, which are identical to the first 77 bp of NARTc (a highly represented non-autonomous retrotransposon of the *T. cruzi* genome) ([@B25]), drive the expression of a downstream gene (CAT), and that transcription initiates at nucleotide +1. Interestingly, the transcripts produced are unspliced, indicating that a full-length RNA is generated. Similar results were observed after analysis of the expression of the endogenous L1Tc transcripts. The results shown are consistent with the existence of an internal promoter in the L1Tc element. Via run-on experiments, the L1Tc promoter was shown to be RNA pol II dependent.

MATERIALS AND METHODS
=====================

Oligonucleotides
----------------

5′R77 (5′ GCATA[GATATC]{.ul}CCTGGCTGAG 3′) \[sense, L1Tc 1--11\]

3′R77 (5′ GCATT[AAGCTT]{.ul}CAGCAGGCGC 3′) \[antisense, L1Tc 68--77\]

CAT1sense (5′ CCCGCCTGATGAATGCTC 3′) \[sense, 191--208 from the CAT start codon\]

CAT1 (5′ GAGCATTCATCAGGCGGG 3′) \[antisense, 191--208 from the CAT start codon\]

CAT2 (5′ CTGAGACGAAAAACAT 3′) \[antisense, 424--439 from the CAT start codon\]

SLTc (5′ CGCTATTATTGATACAGTTTCTG 3′) \[sense, 8-30 from the *T. cruzi* splice leader sequence\]

L1Tc239 (5′ ACATACGGCACGCAAACGG 3′) \[antisense, L1Tc 221--239\]

L1Tc152 (5′ TGTAAATGGCTCCATCT 3′) \[antisense, L1Tc 136--152\]

L1Tc22 (5′ GCTCAGCCGGCCACCTC 3′) \[sense, L1Tc 6--22\]

kmp182 (5′ TTGTCGGTGTGCTCCTGAATC 3′) \[antisense, 162--182 from the KMP11 start codon\]

kmp21 (5′ TTCCTCAAGAGTGGTGGC 3′) \[antisense, 4--21 from the KMP11 start codon\]

CAT90 (5′ TTGAGCAACTGACTGAAATG 3′) \[antisense, 71--90 from the CAT start codon\]

SK (5′ CGCTCTAGAACTAGTGGATC 3′)

CAT-32f (5′ CGACGAGATTTTCAGGAG 3′) \[sense, −32 to −15 from the CAT start codon\]

CAT43r (5′ GGGATATATCAACGGTGGTA 3′) \[antisense, 24--43 from the CAT start codon\]

R77 (5′ CCCTGGCTCAGCCGGCCACCTCAACGTGGTGCCAGGGTCTAGTACTCTTT

GCTAGAGAGGAAGCTAAGCGCCTGCTG 3′)

MCS (5′ CGACGGTATCGATAAGC 3′) \[antisense, 3--19 downstream Pr77 in the pTEX(−)pR77CAT vector; 3--19 downstream 5′UTRKMP11 region in the pTEX(−)p5′KMP11CAT vector\]

L1Tc70 (5′ CGCTTAGCTTCCTCTCTAGC 3′) \[antisense, L1Tc 51--70\]

The EcoRV and Hind III restriction sites are underlined. The gene name and position to which the primers map in each case are indicated in brackets.

Plasmid constructs
------------------

The chloramphenicol acetyltransferase coding gene (CAT) was excised from the pMSGCAT vector (Pharmacia) by SalI digestion and cloned into a SalI-digested pTEX expression vector ([@B26]) to produce the pTEXCAT clone. The 5′ upstream region of the gGAPDH I gene (p) was removed from this vector by digestion with SacI and BamHI enzymes, and subjected to Klenow treatment and religation to generate the pTEX(−)pCAT plasmid. The 77 nucleotides located at the L1Tc 5′ end were amplified by PCR using pSPFM55 (accession number X83098 in the GenBank database) ([@B14]) as a template, and the 5′R77 and 3′R77 primers. These include the EcoRV and HindIII restriction sites, respectively. The amplified fragment was digested with EcoRV and HindIII and directly cloned into pTEX(−)pCAT digested with the same enzymes to produce pTEX(−)pR77CAT. The 5′ upstream sequence from the *T. cruzi* KMP11 locus (nucleotides −576 to +37 from the first ATG) was excised from the PS1 clone (accession number AF167435 in the GenBank database) ([@B27]) by Klenow-treated-SalI digestion and HindIII digestion, and cloned into an EcoRV and HindIII-digested pTEX(−)pCAT vector to produce the pTEX(−)p5′KMP11CAT transfection vector. Correct cloning was confirmed in all cases by DNA sequencing.

Epimastigote culture and transfection procedure
-----------------------------------------------

Y strain *T. cruzi* epimastigotes were grown at 28°C in liver infusion tryptone (LIT) medium supplemented with 10% (v/v) heat-inactivated fetal bovine serum (Flow Lab., Irvine, UK). Plasmid DNAs from the pTEX(−)pR77CAT, pTEX(−)p5′KMP11CAT, pTEX(−)pCAT and pTEXCAT vectors were purified using the Wizard Plus Maxipreps kit (Promega). Transfection was performed with 100 μg of each vector as previously described ([@B28]). The transfectants were selected in the presence of 100 μg/ml of G418. To increase the plasmid copy number, the G418 concentration was increased up to 250 and 500 μg/ml.

Northern, Southern and DNA dot blotting
---------------------------------------

The cytoplasmic RNA from *T. cruzi* transfectants was purified as previously described ([@B29]). DNA from transformed and non-transformed parasites was isolated by standard methods ([@B30]). Cytoplasmic RNA (5 µg) was size fractionated on 1% agarose/formaldehyde gels. Genomic DNA (2 µg) was HindIII-digested and resolved on 0.8% agarose gels. Both RNA and DNA were transferred to Z-probe membranes (Bio-Rad) using a 10 × SSC solution. Hybridization was performed using the method of Thomas *et al*. ([@B27]). The probes used were a Sal/Sal fragment from the pMSGCAT vector (Pharmacia) corresponding to the CAT coding sequence, a DNA fragment coding for the *T. cruzi* 18S small RNA subunit (18S) ([@B31]), and a 273-nt DNA fragment corresponding to the *T. cruzi* KMP11 coding sequence ([@B27]). The hybridization products were visualized and quantified using a phosphorimager (Storm, Pharmacia). All analyses were performed using the ImageQuant program (Molecular Dynamics). The local background (PSL-BG) was subtracted from the photo-stimulated luminescence (PSL) to obtain PSL^corr^. The transcription efficiency was calculated as: The total RNA and poly(A)^+^ RNA fractions from 15 × 10^7^ transfectants were isolated and purified using, respectively, the total RNA Mini Kit (Bio-Rad) and the QuickPrep micro mRNA Purification Kit (Amersham Biosciences). Total and polyadenylated RNA (7 and 1 μg respectively) samples were loaded onto 1% agarose/formaldehyde gels and transferred to Z-Probe nylon membranes (Biorad) (three replicates). One membrane was hybridized under the conditions described above using the CAT-coding region sequence as probe. The other two were hybridized for 2 h in 6 × SCC, 0.1% SDS (w/v), 100 mM Tris HCl, pH = 8 buffer and 100 μg/ml herring sperm DNA at 53°C with radiolabeled CAT antisense and CAT sense primers (CAT1 and CAT1sense respectively). These primers have complementary sequences, were used at the same concentration, and showed the same specific activity. Post-hybridization washes were performed in hybridization buffer at 48°C. The CAT probe was radiolabeled using \[α-^32^P\]-dCTP and the Random Prime Labelling System (Amersham Biosciences). The antisense CAT1 and sense CAT1 oligonucleotides were 5′end-labeled with \[γ-^32^P\]-dATP as described in Heras *et al*. ([@B24]). The hybridization products were visualized using a phosphorimager and quantified using the ImageQuant program as described above.

The ability of each radiolabeled oligonucleotide to detect a similar amount of a complementary DNA was determined by DNA dot blotting. Three-fold dilutions of the pTEXCAT vector (from 196 to 2.4 ng) and of the antisense CAT1 or CAT1sense oligonucleotides (from 196 to 0.8 ng) were denatured by treatment with 0.4 N NaOH and 10 mM EDTA for 10 min at 95°C or 10 min at 65°C respectively, and loaded onto Zeta-Probe Blotting Membranes (Biorad) using a Millipore dot blot manifold. Filters were hybridized with the radiolabeled antisense and sense CAT1 oligonucleotides as described above. The membranes were also visualized using a phosphorimager and quantified using the ImageQuant program as above.

RT-PCR
------

To analyze the 5′ end of the CAT mRNAs, 0.8 μg of poly(A)^+^ RNA from pTEXCAT-, pTEX(−)p5′KMP11CAT- and pTEX(−)pR77CAT-transformed parasites were reverse transcribed using the CAT2 primer and the ThermoScript RT-PCR System (Invitrogen, California) according to the manufacturer\'s instructions. PCR was performed using the Expand High Fidelity PCR System (Roche) and employing 2 μl of the synthesized cDNA as the template DNA along with the SLTc and CAT1 primers. The synthesized cDNA from pTEX(−)pR77CAT transfectants was also PCR amplified using 5′R77 and CAT1 primers as a positive control. As a negative control, the product from a parallel reaction without the reverse transcriptase was used. The reaction conditions were 10 cycles at 94°C for 30 s, 38°C for 1 min and 72°C for 1 min, and 25 cycles at 94°C for 30 s, 56°C for 1 min, and 72°C for 1 min.

To analyze the 5′ end of the L1Tc mRNAs ([Figure 7](#F7){ref-type="fig"}), 0.6 μg of RQ1 RNAase-free DNAse-treated cytoplasmic RNA from epimastigotes were reverse transcribed using the L1Tc239 primer. PCR was performed employing the above-mentioned synthesized cDNA as the DNA template and SLTc and L1Tc152 as primers. PCR was also performed with L1Tc22 and L1Tc152 primers or without reverse transcriptase as RT-PCR positive and negative controls respectively. *Trans*-spliced KMP11 transcripts were also reverse transcribed using the kmp182 oligonucleotide, and PCR performed using the SLTc and kmp21 primers as a control of RNA integrity and proper sample processing. The PCR reaction conditions were 35 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 1 min. All the amplified products were cloned into the pGEM T®-easy vector (Promega) and sequenced.

*T*. *cruzi* soluble protein extraction and western blotting
------------------------------------------------------------

Soluble proteins were extracted from parasites in the logarithmic phase of growth. The protein concentration was determined by the standard method described by Heras *et al*. \[43\]. Briefly, parasites were recovered by centrifugation at 2500 rpm for 30 min, washed in 1 × PBS, and resuspended in lysis buffer (50 mM Tris-HCl, pH 7.4, 50 mM NaCl, 0.05% NP-40 supplemented with protease inhibitors, 1 µg/ml leupeptin, 0.7 µg/ml pepstatin and 1 mM PMSF). Total extracts were sonicated for 45 s. The soluble fraction proteins were recovered by centrifugation at 10 000 rpm for 20 min. Soluble proteins (30 µg) were separated by 12% SDS-PAGE and transferred to PVDF membranes (Millipore) using the Miniprotean system (Bio-Rad). Western blots were performed according to standard techniques, employing anti-chloramphenicol acetyl transferase antibodies (Sigma) at a dilution of 1:1000 and anti-rabbit IgG peroxidase conjugate (Sigma) at a dilution of 1:5000. The blots were subjected to peroxidase and luminol/enhancer solutions using the SuperSignal® West Pico Chemiluminescent Reagent kit (Sigma), and subsequently exposed to Kodak X-Omat autoradiographic film.

RNA ligase-mediated amplification of the cDNA ends
--------------------------------------------------

To characterize the 5′ end of the *T. cruzi* L1Tc transcripts, cytoplasmic RNAs from the *T. cruzi* pTEX(−)pR77CAT and pTEX(−)p5′KMP11CAT transfectants were treated with several enzymes to guarantee their monophosphate state and consequently their capacity to bind to a RNA linker. A method similar to that described by Bruderer ([@B32]) was employed. Briefly, 15 μg of cytoplasmic RNA from each transfectant were treated with 20U of RQ1 RNAase-free DNAse (Promega) in a final volume of 200 μl. The RNA was subsequently decapped, dephosphorylated and then phosphorylated by treatment with tobacco acid pyrophosphatase (TAP) (Epicentre), alkaline phosphatase (AP) (Roche) and T4 polynucleotide kinase (PNK) (Biolabs) respectively. An RNA linker derived from the EcoRI-digested pBluescripts KS+ plasmid (Stratagene) was synthesized *in vitro* as described by Heras *et al*. ([@B24]) and ligated to the previously generated monophosphate transcripts using T4 RNA ligase (Roche) following the method described by Bruderer ([@B32]). cDNA was synthesized using the CAT1 primer and employed as a template in PCR using SK and CAT90 as primers. Crude PCR products were directly cloned into the pGEM-T®easy vector (Promega). Selection was performed after IPTG-X-gal induction by blue/white screening. White colonies were numbered and grown in triplicate on LB-agar plates and transferred to nitrocellulose membranes. One membrane was hybridized *in situ* with the CAT coding fragment obtained by PCR using CAT-32f and CAT43r as primers and the pMSGCAT vector as a template. It was then labeled using a random prime kit (Amersham). Two other membranes were *in situ* hybridized with the SLTc and R77 primers labeled at the 5′ end. Probe labeling and hybridization were performed as described above.

Primer extension analysis
-------------------------

About 10 µg of RNase-free DNase I cytoplasmic RNA or 1 µg of poly(A)^+^ RNA from transformed and non-transfected *T. cruzi* parasites were extended using an MCS primer (complementary to the multi-cloning region located between the Pr77 or 5′UTRKMP11 region and the CAT sequence in the pTEX(−)pR77CAT and pTEX(−)p5′KMP11CAT vectors respectively), the L1Tc70 or L1Tc152 primers (complementary primers to L1Tc mRNA), and the RT from the avian myeloblastosis virus, as described by Teran *et al*. ([@B33]). Primers were 5′ end labeled with \[γ-^32^P\]ATP and T4 polynucleotide kinase. Reactions were resolved in urea--6.5% polyacrylamide sequencing gels.

Treatment of parasites with actinomycin D
-----------------------------------------

RNA synthesis was inhibited by treating the parasites with actinomycin D as previously described ([@B27]). Cytoplasmic RNA was determined by northern blotting. The region between nucleotides 1844 and 3737 of L1Tc (accession code X83098) was employed as a probe. The abundance of the L1Tc mRNAs was standardized relative to the abundance of the *T. cruzi* KMP11 and ribosomal S6 subunits. All probes were radiolabeled using \[α-^32^P\]-dCTP, employing the Random Prime Labelling System (Amersham Biosciences).

Nuclear run-on transcription assay
----------------------------------

Nuclei were isolated and purified from *T. cruzi* epimastigotes in the logarithmic growth phase and incubated with 83 µM of tagetitoxin (Tagetin™, Epicenter Biotechnologies), 25 µg/ml of α-amanitin (Sigma) or 0.2% *N*-lauryl sarcosine (sarkosyl; Sigma) for 30 min at 4°C. Nuclear run-on transcription reactions were performed using isolated nuclei, as described by Marañón *et al*. ([@B31]). The labeled nascent RNA was hybridized to 3 µg of linearized DNAs (see [Figure 9](#F9){ref-type="fig"} for details) adsorbed onto Z-probe membranes (Biorad). The hybridization conditions and post-hybridization wash conditions were those as described earlier ([@B29]).

RESULTS
=======

The 77 nucleotides at the 5′end of L1Tc activate transcription of a reporter gene
---------------------------------------------------------------------------------

While the first 77 bp of the *T. cruzi* L1Tc (autonomous LINE) and NARTc (non-autonomous retrotransposon) elements are 100% identical, the rest of the L1Tc and NARTc sequences share only 54% similarity ([@B25]). To test the ability of Pr77 to induce gene transcription, the pTEX(−)pR77CAT vector was generated ([Figure 1](#F1){ref-type="fig"}). Several constructs were also produced to allow comparative analyses of CAT transcription. Vectors containing the CAT gene cloned at the pTEX expression site (pTEXCAT vector), and into the pTEX vector lacking the 5′UTR of the gGADPH I gene (p) (pTEX(−)pCAT vector), were used as controls. The sequence located at the 5′ end of the *T. cruzi* KMP11 locus was also tested and cloned upstream of the CAT gene to generate the pTEX(−)p5′KMP11CAT transfection vector. *T. cruzi* (Y strain) epimastigotes were electroporated with either pTEXCAT, pTEX(−)pCAT, pTEX(−)pR77CAT or pTEX(−)p5′KMP11CAT vectors. [Figure 2](#F2){ref-type="fig"}A shows the CAT cytoplasmic RNA level of each transfectant as determined by northern-blot analysis using the ^32^P-labeled CAT coding-region as a probe. A hybridization band showing the expected size of the CAT mRNA, roughly 1200 nt, was detected in pTEXCAT-, pTEX(−)p5′KMP11CAT- and pTEX(−)pR77CAT-transformed parasites. However, no CAT hybridization band was detected in pTEX(−)pCAT transfectants ([Figure 2](#F2){ref-type="fig"}A). As shown in [Figure 2](#F2){ref-type="fig"}A, the CAT expression level was significantly higher in pTEX(−)pR77CAT-transformed parasites than in pTEXCAT or pTEX(−)p5′KMP11CAT transfectants. Figure 1.Diagrammatic illustration of the pTEXCAT, pTEX(−)pCAT, pTEX(−)pR77CAT and pTEX(−)p5′KMP11CAT transfection vectors. (a) The chloramphenicol acetyltransferase coding gene (CAT) was cloned into the pTEX expression vector ([@B26]) to produce the pTEXCAT clone. (b) The pTEX(−)pCAT vector was generated by deleting the promoter region (the 5′ untranslated region of the GAPDH gene) from the pTEXCAT plasmid. (c) Pr77 was amplified from L1Tc and cloned at the 5′ end of the CAT gene in the pTEX(−)pCAT vector to produce the pTEX(−)pR77CAT clone. (d) The 5′ UTR region from the KMP11 gene tandem repeat was also inserted at the 5′ end of the CAT gene generating the pTEX(−)p5′KMP11CAT transfection vector. The central part of the figure shows the *T. cruzi* L1Tc (ACC: AF208537) and NARTc (ACC: AF215898) retroelements. The L1Tc represented is formed by a single long ORF (gray box) and is flanked by untranslated regions (striped boxes). The first 77 bp of L1Tc (Pr77), which are 100% identical to the first 77 bp of NARTc retrotransposons, are indicated by a white box. The regions from NARTc that, respectively, share 54% similarity and 85% homology to L1Tc, are also indicated. The four tandemly repeated copies of KMP11 gene are represented as light gray boxes and the 5′UTR region cloned as a white box. Figure 2.Abundance of CAT transcripts in *T. cruzi* transfectants. **(A)** northern blot analysis of CAT transcripts from *T. cruzi* transfectants. 5µg of cytoplasmic RNA from parasites transfected with pTEX(−)p5′KMP11CAT, pTEX(−)pR77CAT, pTEX(−)pCAT and pTEXCAT were resolved on 1% agarose-formaldehyde gels and immobilized on a quaternary amine-derived nylon membrane. The filter was hybridized with the radiolabeled CAT coding region as a probe. After phosphorimage analysis, the filter was rehybridized with *T. cruzi* 18S rDNA (18S) ([@B31]). The size of the hybridization bands is indicated in kb (MW). **(B)** Southern blot analysis of HindIII-digested genomic DNA from non-transformed parasites (Yc) and parasites transfected with pTEX(−)p5′KMP11CAT, pTEX(−)pR77CAT, pTEX(−)pCAT and pTEXCAT vectors. Radiolabeled DNA corresponding to the CAT coding region was used as a probe. After phosphorimage analysis, the filter was rehybridized with the radiolabeled coding sequence of KMP11 as a probe. The 0.6-kb hybridization band corresponding to the KMP11 gene is shown at the bottom of the figure. MW, molecular weight markers in bp. **(C)** Quantification of CAT RNA in *T. cruzi* transfectants. Photo-stimulated luminescence was determined using phosphorimaging employing ImageQuant software (Molecular Dynamics).

The relative plasmid copy number present in each transfectant was determined in the same parasites used for RNA isolation and northern blot analysis to avoid differences in the quantity of transfection vectors, which could have influenced the CAT transcription level. For this purpose, total DNA from the same amount of each transfectant was purified and digested with HindIII. The DNA was analyzed by Southern blotting using radiolabeled CAT and KMP11 coding sequences as probes ([Figure 2](#F2){ref-type="fig"}B). Quantification of the hybridization bands showed the differences in the level of the CAT transcripts not to be a consequence of differences in the transfectant plasmid load ([Figure 2](#F2){ref-type="fig"}A and B). [Figure 2](#F2){ref-type="fig"}C shows that level of CAT mRNAs to be between 10-and 14-fold higher in pTEX(−)pR77CAT transfectants than in the pTEXCAT- and pTEX(−)p5′KMP11CAT-transfected parasites respectively. This suggests that the Pr77 sequence actively induces the transcription of a reporter gene, producing a larger quantity of gene transcripts than that induced by other sequences that also activate transcription.

To confirm that the detected CAT RNAs in the pTEX(−)pR77CAT-transfected parasites were driven by the Pr77 region and not by the gGAPDH intergenic region downstream of the CAT gene and upstream of the NEO gene in the pTEX vector, the presence of CAT transcripts from coding and non-coding strands was determined by northern blotting. Total RNA from pTEX(−)pR77CAT transfectants was separately hybridized with a pair of 5′ end-labeled complementary oligonucleotides, the antisense CAT1 and CAT1sense probes ([Figure 3](#F3){ref-type="fig"}B and C). The same amount of RNA was hybridized with radiolabeled dsDNA corresponding to the CAT gene coding sequence ([Figure 3](#F3){ref-type="fig"}A). In the membranes hybridized using dsDNA CAT and the antisense CAT1 primer as probes, a single hybridization band of a size compatible with that expected for CAT mRNA, and with approximately the same intensity, was observed ([Figure 3](#F3){ref-type="fig"}A and B). However, no band was detected in the membrane hybridized with the CAT1sense probe ([Figure 3](#F3){ref-type="fig"}C). A similar result was obtained when the RNA from pTEX(−)p5′KMP11CAT- and pTEXCAT -transfected parasites was hybridized with the dsDNA CAT probe and with the CAT1 antisense and sense probes ([Figure 3](#F3){ref-type="fig"}A--C). The ability of both radiolabeled oligonucleotides to detect similar amounts of the complementary DNA strand under the experimental conditions employed was corroborated by dot-blotting. Thus, serial dilutions of the pTEXCAT vector DNA and of the antisense CAT1 or CAT1sense oligos were made, and all these DNAs fixed onto the membrane. As shown in [Figure 3](#F3){ref-type="fig"}D and E, both probes showed the same capacity to hybridize with CAT DNA; hybridization dots of the same intensity were obtained with each. Similar results were obtained when poly(A)^+^ RNA from the transfected parasites was used in northern blot analyses (data non shown). Thus, the results suggest that all the detected CAT transcripts corresponded solely to the transcription of the sense CAT strand. Figure 3.Analysis of activation of sense and antisense transcription of CAT in *T. cruzi* transfectants. **(A--C)** Detection of sense and antisense CAT RNA by northern blot analysis. 7 µg of total RNA from parasites transfected with pTEX(−)pCAT, pTEX(−)p5′KMP11CAT, pTEXCAT and pTEX(−)pR77CAT vectors were loaded in triplicate and size-fractioned on 1% agarose/formaldehyde gels and subsequently immobilized on nylon membranes. Each membrane was hybridized with the radiolabeled CAT coding sequence (dsDNA CAT probe) (**A**), a 5′ end labeled antisense CAT oligo mapping at position 191--208 from the CAT start codon (antisense CAT1 probe) (**B**), and a 5′ end radiolabeled sense CAT oligo (CAT1sense probe) mapping at position 191--208 from the CAT start codon (**C**) as probes. The size of the hybridization bands is indicated in kb (MW). **(D** and **E)** Hybridization of sense and antisense CAT1 primers to the CAT sequence. Three-fold dilutions, from 196 ng to 2.4 ng for the pTEXCAT vector, and from 196 ng to 0.8 ng for the CAT1sense (D) or antisense CAT1 (E) oligos, were denatured and fixed on Zeta-Probe Blotting Membranes. The DNA filters were hybridized with 5′ end labeled antisense CAT1 oligo (D) or 5′ end labeled CAT1sense oligo (E) as probes.

The unspliced Pr77-derived transcripts are translated
-----------------------------------------------------

We next examined whether the CAT transcripts derived from the Pr77 promoter in the pTEX(−)pR77CAT transfectants lacked the splice leader sequence, and also whether they contained the Pr77 sequence. RT-PCR using the purified poly(A)^+^ RNA fraction from the pTEX(−)pR77CAT, pTEXCAT and pTEX(−)p5′KMP11CAT transfectants was performed as described in the Materials and Methods section (see diagram in [Figure 4](#F4){ref-type="fig"}A). As shown in [Figure 4](#F4){ref-type="fig"}B, an amplification band of the expected size was observed when the pTEXCAT and pTEX(−)p5′KMP11CAT transfectants were used ([Figure 4](#F4){ref-type="fig"}B). Cloning and sequencing of the amplified bands showed that CAT transcripts contained, respectively, the SL sequence at the KMP11 and the GADPH splicing acceptor sites as described earlier ([@B27],[@B34]). However, when poly(A)^+^ RNA from pTEX(−)pR77CAT transfectants was employed, no band was amplified with the SLTc and CAT1 primers despite the fact that the amount of CAT mRNA was sufficient for reverse transcription and subsequent PCR-amplification using primer mapping at the 5′end of the Pr77 sequence (5′R77) and the CAT1 oligo ([Figure 4](#F4){ref-type="fig"}B (C+)). Figure 4.Detection of the splice leader sequence at the 5′ end of CAT transcripts in *T. cruzi* transfectants. **(A)** Diagram of reverse transcriptase-PCR assay. Poly(A)^+^ RNAs purified from pTEX(−)pR77CAT, pTEXCAT and pTEX(−)p5′KMP11CAT transfectants were employed as templates for reverse transcription of CAT mRNAs using a CAT antisense primer that maps at position 424--439 from the CAT start codon (CAT2 oligo). PCR was subsequently performed using the SLTc primer and the CAT1 oligo which maps at position 191--208 from the CAT start codon. The amplified products were sequenced. **(B)** Ethidium bromide staining of amplicons derived from CAT transcripts. Amplification products were resolved in 2% agarose gel. The poly(A)^+^ RNA purified fractions from pTEX(−)pR77CAT, pTEXCAT and pTEX(−)p5′KMP11CAT transformants employed as templates for reverse transcription are indicated. As a positive control, the cDNA synthesized employing the CAT2 primer and polyadenylated RNA from pTEX(−)pR77CAT transfectants was PCR-amplified using 5′R77 as a forward primer mapping at position 1--11 from L1Tc, and the CAT1 oligo (C+). The sample with no reverse transcriptase was used as a negative control (C−). (MW): molecular weight marker in kb. (**C**) Analysis of CAT expression in *T. cruzi* transfectants. Expression of the CAT gene was detected by western blot analysis employing 30 µg of total soluble proteins from *T. cruzi* transfectants (pTEX(−)pCAT, pTEX(−)pR77CAT, grown in 250 and 500 µ/ml of G418, and pTEXCAT, grown in 500 µg/ml G418) and non-transfected parasites. Anti-chloramphenicol acetyl transferase antibodies were used (Sigma) in all cases. The molecular weight marker (kDa) is shown at the right side of the figure. The arrow indicates the 26 kDa CAT protein.

The next question to be answered was whether the unspliced Pr77-derived CAT transcripts were able to be translated. To answer this, total protein extracts were purified from the transfectants and analyzed by western blotting employing an anti-CAT antibody. As shown in [Figure 4](#F4){ref-type="fig"}C, this antibody recognized a 26 kDa protein in the pTEX(−)pR77CAT and pTEXCAT parasites. However, no CAT protein was detected either in the pTEX(−)pCAT transfectants or in the wild type parasites ([Figure 4](#F4){ref-type="fig"}C). The CAT expression level was significantly higher in the parasites that contained a spliced messenger (pTEXCAT transfectants) than in those that had unspliced CAT transcripts (the pTEX(−)pR77CAT transfectants).

To further corroborate that the Pr77-derived CAT transcripts from pTEX(−)pR77CAT transfectants were unspliced, the approach outlined in [Figure 5](#F5){ref-type="fig"}A was followed. Accordingly, an RNA linker was ligated to the cytoplasmic RNA of the pTEX(−)pR77CAT transfectants. The RNA 5′ ends were reverse transcribed, PCR amplified, and then cloned into the pGEM vector. RNA isolated from the pTEX(−)p5′KMP11CAT transfectants was employed as a positive control. Screening was then performed by hybridizing to the CAT, R77 and SLTc probes. Interestingly, no hybridization with the SLTc probe was seen for any clone derived from the pTEX(−)pR77CAT transfectants. Ten colonies showing positive hybridization with either the R77 probe (the pTEX(−)pR77CAT transfectants) or the SL probe (the pTEX(−)p5′KMP11CAT transfectants) were analyzed after sequencing. The results shown in [Figure 5](#F5){ref-type="fig"}B indicate that the SL sequence had been added to the CAT transcripts derived from the KMP11 5′ UTR region at the KMP11 splicing acceptor site. However, the CAT transcripts derived from Pr77 lacked the SL sequence at their 5′ end and appeared to be initiated at the Pr77 sequence, which is part of the CAT mRNA 5′ end. In all cases the CAT transcripts were partially truncated at their 5′ end, with truncation beginning at position +5, +8, +10, +14 or +21 of the SL sequence (KMP11-derived CAT transcripts), or at nucleotide +48, +53, +67 or +68 of Pr77 (Pr77-derived CAT transcripts). The greater degree of truncation observed in the CAT transcripts derived from the Pr77 sequence could be a consequence of the absence of a splice leader sequence in the Pr77 derived transcripts; this could influence transcript stability. Figure 5.Analysis of the 5′end of CAT mRNAs derived from the 5′UTRKPM11 region and the Pr77 promoter. **(A)** Outline of the method used. Cytoplasmic RNA from *T. cruzi* transfected with pTEX(−)pR77CAT and pTEX(−)p5′KMP11CAT (used as a control) was decapped with tobacco acid pyrophosphatase (TAP), dephosphorylated with alkaline phosphatase enzyme (AP) and phosphorylated by polynucleotide kinase (PNK) treatment. The changes produced in each case at the 5′ end of the treated RNAs are indicated. A linker RNA was ligated at the 5′ end of the transcripts using T4 RNA ligase. cDNA was synthesized by reverse transcription (RT) using a CAT gene specific primer (CAT1) that maps at position 191--208 from the CAT start codon, followed by PCR-amplification using a second CAT gene antisense primer (CAT90) mapping at position 71--90 from the CAT start codon, and finally an oligo corresponding to the sequence of the linker RNA. PCR products were cloned into the pGEM-T®-easy vector. Plasmid DNAs from the transfected bacteria selected by positive hybridization to CAT (ds DNA) and SLTc or R77 probes were sequenced. **(B)** Sequence at the 5′ end of processed CAT transcripts in pTEX(−)p5′KMP11CAT **(a)** and pTEX(−)pR77CAT **(b)** transfectants. The sequences shown are those downstream of the RNA linker sequence. Arrows indicate the first nucleotide of the 5′end of the CAT transcripts derived from the 5′UTRKMP11 and Pr77 sequences. The position of the first nucleotide of each transcript, with respect to the 5′end of SL and Pr77 sequences, is shown in italics. The number below the arrows corresponds to the quantity of clones starting at this position. Sequences corresponding to the splice leader sequence (SL), 5′UTRKMP11 (5′UTRKMP11CAT**),** L1TcPr77 (Pr77) and multi-cloning site -- CAT region (MCS-CAT) are indicated.

The Pr77 region carries the transcription initiation site
---------------------------------------------------------

To further characterize the 5′ end of the CAT transcripts and the initiation site of the Pr77-derived CAT mRNA transcripts in the pTEX(−)pR77CAT transfected parasites, primer extension analysis was performed. Both the cytoplasmic RNA and the purified poly(A)^+^ RNA fraction from the pTEX(−)pR77CAT transfectants were extended using an oligonucleotide complementary to the polylinker sequence located between the Pr77 and CAT sequences in the transfection vector ([Figure 6](#F6){ref-type="fig"}A). An extension product of 96 nt was generated after the extension reaction when either *T. cruzi* cytoplasmic RNA or the polyadenylated RNA fraction was used as a template. The length of this fragment corresponds to the expected size for the initiation of Pr77-derived CAT transcription at the first nucleotide of Pr77 ([Figure 6](#F6){ref-type="fig"}B). This indicates that transcription mediated by the Pr77 sequence is initiated at nucleotide +1 and corroborates the evidence that the Pr77-derived transcripts lack the splice leader sequence. A primer extension assay performed with a cytoplasmic RNA and a poly(A)^+^ RNA purified fraction from pTEX(−)pKMP11CAT transfectants, used as a control, generated an extended fragment of approximately 119 nt. This is the expected size of the fragment when taking into account the addition of a spliced-leader sequence to the KMP11 trans-splicing acceptor site ([Figure 6](#F6){ref-type="fig"}C and D). These results are consistent with the RT-PCR data shown in [Figures 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}. Thus, the Pr77 sequence actively promotes gene transcription, at least in the extrachromosomal context of this assay, and it behaves as an internal promoter. Figure 6.Analysis of the transcription initiation site of the CAT gene in pTEX(−)pR77CAT and pTEX(−)p5′KMP11CAT transfectants. **(A** and **C)** Primer extension analyses were performed employing cytoplasmic RNA or the purified polyadenylated fraction of RNA from pTEX(−)pR77CAT (A) and pTEX(−)p5′KMP11CAT (C) transfectants, along with a radiolabeled MCS primer that maps 3--19 nucleotides downstream of the Pr77 and 5′UTRKMP11 sequences in the pTEX(−)pR77CAT and pTEX(−)p5′KMP11CAT vectors respectively. Reactions were subsequently resolved in urea-polyacrylamide gels. The sequencing of pTEX(−)pR77CAT (A) and pTEX(−)p5′KMP11CAT (C) plasmids was performed following the Sanger method using an MCS antisense primer; samples were loaded onto the left side of the gels as size standards. The sequences corresponding to L1TcPr77 (Pr77), to the splice leader (SL) and to KMP11 5′UTR are indicated at both sides of the gels. Arrows indicate the position of the extended products. The radiolabeled molecular weight (MW) marker is expressed in bp. **(B** and **D)** Deduced sequence of the extended products in the primer extension assays(B) The Pr77 sequence (Pr77) of the pTEX(−)pR77CAT transfectants (D) Sequence of the splice leader (SL) and the 5′UTR of KMP11 in pTEX(−)p5′KMP11CAT transfectants. The splicing acceptor site is indicated by an arrow. The oligonucleotide used for primer extension analysis and employed for DNA sequencing is underlined. The SL sequence is indicated in italics.

L1Tc endogenous transcripts are unspliced and their transcription is initiated at, or close to, nucleotide +1 of L1Tc
---------------------------------------------------------------------------------------------------------------------

To further explore the role of the Pr77 region in transcription in its native context and as part of the L1Tc mRNA, and to know at which location *T. cruzi* the L1Tc transcription is initiated, primer extension analysis was performed using cytoplasmic RNA from epimastigotes as a template along with two oligonucleotides complementary to L1Tc (L1Tc70 and L1Tc152). [Figure 7](#F7){ref-type="fig"}A shows the L1Tc70 primer produced a 70-nt-long extension. The size of this fragment is consistent with the initiation of transcription at nucleotide +1 of L1Tc. A similar result was obtained when the L1Tc152 primer was used since a fragment of approximately 150 nt in length was produced ([Figures 7](#F7){ref-type="fig"}A and B). However, in this case it could not be excluded that transcription had begun at nucleotide +2 to +4. Figure 7.Analysis of the 5′ end of *T. cruzi* L1Tc transcripts. **(A**) Primer extension analysis performed with RNase-free-DNase-treated cytoplasmic RNA from non-transformed *T. cruzi* epimastigotes (Yc) and radiolabeled L1Tc70 or L1Tc152 antisense primers (which map at L1Tc 5′ end at positions 51--70 and 136--152 respectively). Products were size-fractionated on urea-polyacrylamide sequencing gels. (MW) Molecular weight marker expressed in bp. DNA sequencing reactions (MW marker) were used to determine band sizes throughout. The arrows indicate the size of the extended products. **(B)** Sequence of 5′ untranslated region of L1Tc. The sequences of oligonucleotides used in primer extension analysis, the L1Tc70 and L1Tc152 primers, are underlined and double underlined respectively. The arrows indicate the last nucleotide of the extended products, 70 nt and 149 nt. **(C)** Ethidium bromide staining of RT-PCR products. RNase-free- DNase-treated cytoplasmic RNA from non-transformed *T. cruzi* parasites (Yc) was employed in all reactions as a template. For detection of the L1Tc transcript, 5′end reverse transcription was performed with the antisense L1Tc primer mapping at position 221--239 from L1Tc (L1Tc239) followed by PCR using the L1Tc152 primer (the antisense L1Tc primer which maps closer to the L1Tc 5′ end than L1Tc239 primer) and the SLTc primer (lane Yc-SL/L1Tc152), or alternatively PCR-amplified using the L1Tc152 primer and the L1Tc22 sense primer, which maps at position 6--22 from L1Tc (lane C+). A similar reaction without reverse transcriptase was used as a negative control (lane C−). For detection of the KMP11 transcript 5′ends, reverse transcription was performed with the antisense kmp182 primer mapping at position 162--182 from the KMP11 start codon, followed by PCR performed with Kmp21, which maps at position 4--21 from the KMP11 start codon, and SLTc primers (lane Yc-SL/kmp21). A similar reaction without reverse transcriptase was used as a negative control (lane C−). The size of the amplified bands is indicated at the right of the figure.

To determine the composition of the extended products derived from L1Tc endogenous transcripts, and to corroborate the absence of the splice leader sequence in the L1Tc mRNA, reverse transcription of the latter was performed, and PCR amplification of the transcript 5′ end undertaken as shown in [Figure 4](#F4){ref-type="fig"}A. This was performed using cytoplasmic RNA from epimastigotes (Yc) as a template. As expected, the SLTc primer was unable to amplify the 5′end of the L1Tc mRNAs but it was able to amplify the N-terminal end of the spliced KMP11 transcripts ([Figure 7](#F7){ref-type="fig"}C). In contrast, the 5′ end of the L1Tc mRNAs, after being reverse transcribed, were amplifiable when a primer mapping at the 5′ end element was used in PCR. This generated a fragment of the expected size as deduced from the previously performed experiments ([Figure 7](#F7){ref-type="fig"}C). These results were confirmed by sequencing the amplified products.

L1Tc transcript stability
-------------------------

The stability of the unspliced L1Tc transcripts was then tested. Epimastigote cultures were treated with actinomycin D and the inhibition of RNA synthesis measured by the fall in \[^3^H\]-uridine incorporation into RNA ([Figure 8](#F8){ref-type="fig"}) and by northern blotting using ^32^-P labeled L1Tc-RT as a probe. In contrast with the highly stable mRNAs of KMP11 ([@B27]) and the ribosomal S6 gene, the result shown in [Figure 8](#F8){ref-type="fig"} indicates that the L1Tc mRNAs have a moderate half-life of about 1 h. Figure 8.Kinetics of L1Tc mRNA stability. Cytoplasmic RNA from *T. cruzi* epimastigotes in the logarithmic phase of growth treated with actinomycin D (10 µg/ml) was isolated at the time intervals indicated (in hours).%U = percentage of \[^3^H\] uridine incorporation. The filter was hybridized with the region encoding reverse transcriptase activity of L1Tc (RT), and subsequently rehybridized with the *T. cruzi* KMP11-coding region (KMP11) and 6S rDNA (Ribosomal S6).

L1Tc is transcribed by RNA polymerase II
----------------------------------------

To identify the type of RNA polymerase(s) involved in L1Tc transcription, run-on transcription assays were performed with nuclei isolated from epimastigotes treated with different (and specific) RNA polymerase inhibitors. Nuclei were treated with a α-amanitin (1 mg/ml) (to which RNA polymerase I is resistant but RNA polymerase II is sensitive), 0.6% sarkosyl detergent (which disrupts RNA pol II complexes) ([@B35]) and tagetitoxin (which partially inhibits RNA pol III-dependent expression) ([@B36]). The nascent-labeled transcripts were hybridized to the full length L1Tc sequence and to those encoding the NL1Tc, RTL1Tc and C2-L1Tc proteins which had been previously fixed to a nylon membrane. Plasmid DNAs containing either 18S rRNA, α-tubulin or tRNA-coding genes, the transcription of which is mediated by RNA polymerase I, II and III respectively, were also fixed to the membrane and used as controls. [Figure 9](#F9){ref-type="fig"}A and B show how the transcription of all the analyzed genes, with the exception of the 18S ribosomal gene, was strongly inhibited by α-amanitin treatment, and completely abolished by sarkosyl. However, the transcription of the 18S ribosomal gene was slightly reduced when nuclei were treated with α-amanitin and sarkosyl. tRNA transcripts were the only transcripts inhibited (44%) by treatment with 83 μM tagetitoxin ([Figure 9](#F9){ref-type="fig"}A and B). Interestingly, tagetitoxin treatment of the nuclei seemed to upregulate transcription of the 18S, α-tubulin and L1Tc genes. Together, the results suggest that L1Tc is transcribed by RNA polymerase II. NL1Tc, RTL1Tc and C2-L1Tc, encoded by L1Tc, seem to be transcribed in equimolecular amounts ([Figure 9](#F9){ref-type="fig"}A, see lane for untreated nuclei) and by RNA polymerase II since they were all inhibited by α-amanitin and sarkosyl, but were not negatively affected by tagetitoxin ([Figure 9](#F9){ref-type="fig"}A and B). Figure 9.Nuclear run-on assay to identify the RNA polymerase responsible for transcription of the *T. cruzi* L1Tc retroelement **(A).** Detection of nascent RNAs sensitive and resistant to RNA polymerase inhibitors by dot blotting. Nascent transcripts from epimastigotes in the logarithmic phase of growth (non-treated) were hybridized to the following membrane-bound cloned DNAs: *T. cruzi* 18S rDNA (18S) ([@B31]), the *T. cruzi* α-tubulin gene (pTcα3) ([@B58]), the *T. cruzi* tRNA gene (tRNA), the sequences coding for full-length L1Tc (L1Tc) or L1Tc endonuclease (NL1Tc), L1Tc reverse transcriptase (RT), and the L1Tc nucleic acid chaperone protein (C2-L1Tc). Run-on was also performed with nuclei incubated in the presence of 1mg/ml of α-amanitin, 0.6% of sarkosyl and 8 μM of tagetitoxin. **(B)** Quantification of the L1Tc nascent RNAs from untreated nuclei and nuclei treated with different RNA polymerase inhibitors. The percentage (%) of the nascent transcripts sensitive and resistant to different RNA polymerase inhibitors was calculated relative to the total amount of the nascent transcripts from untreated nuclei detected in each case. Scanning of the autoradiograms was performed with an Image Quant program (Molecular Dynamics).

DISCUSSION
==========

Mobile retrotransposons make up a large percentage of most of the known eukaryotic genomes. These elements replicate through a round of transcription and reverse transcription, generating a copy at a new genomic location. The most abundant retrotransposons in the *T. cruzi* genome are the autonomous L1Tc and non-autonomous NARTc elements, which together make up some 10% of the *T. cruzi* genome. We previously reported the first 77 bp of L1Tc and NARTc elements to be 100% identical, while the remainder of NARTc shares an identity of only 54% with L1Tc. The 13 nucleotides sequence located at the 3′ end of both elements are 85% conserved ([@B25]). Pr77 is also conserved in *T. brucei ingi*/RIME; 76.6% similarity is maintained despite the low level of conservation between L1Tc and *ingi* at the nucleotide level ([@B25]). *Leishmania major* also contains a 72 bp sequence that is 65% identical to the first 77 bp of L1Tc and NARTc, and 76.6% identical to the homologous region of *ingi*/RIME ([@B25]). This conserved sequence always appears to be present at the 5′ end of all full-length degenerate L1Tc/*ingi*-related elements (DIREs) in *L. major*, and to be the only conserved sequence of the *T. cruzi, T. brucei* and *L. major* full-length DIREs ([@B37]). These elements have accumulated a high degree of degeneration that, theoretically, ought to render them unable to encode proteins for their own transposition. However, it cannot be excluded that, after their transcription, DIREs might be mobilized in *trans* by the retrotransposition machinery encoded by active elements such as *ingi* in *T. brucei* and L1Tc in *T. cruzi* ([@B37]).

Since an internal promoter is expected to mediate the transcription of retrotransposons, and despite the fact that the consensus promoter sequences remain undescribed in trypanosomatids, we were interested in determining whether the Pr77 sequence could drive the transcription of a reporter gene. Pr77 was found to drive the expression of the CAT gene 10--14-fold times more strongly than that mediated by sequences naturally located upstream of the KMP11 and GADPH loci. These sequences are expected to promote transcription of tandemly repeated genes in *T. cruzi* since GADPH has been extensively shown to promote transcription of foreign genes in *T. cruzi* transformants ([@B26]). Pr77-derived CAT mRNA overproduction was not a consequence of the transcription mediated by the pTEX plasmid since the detected CAT RNA was sense orientated and not detected in pTEX(−)pCAT transfectants. The Pr77-derived CAT mRNA overproduction was not a consequence of a higher concentration of the transfection vector in *T. cruzi*. In fact, in all transfectants, there was a high concentration of plasmid DNA. Also, a sequence including the Pr77 fragment has previously been shown to mediate overexpression of NL1Tc in *T. cruzi* stable transfectants ([@B38]). A similar approach was used to detect promoter activity associated with the 5′ end of *T. brucei ingi*/RIME elements. However, neither the first 500 bp of *ingi*, nor the 250 bp corresponding to the entire Rime A sequence, nor the first 55 bp of *ingi*/RIME were able to mediate CAT expression. This correlated with the absence of detectable CAT transcription ([@B39]). Thus, it is suggested that the previously described abundant and diverse, small, antisense RNAs specific to the *ingi*/RIME elements are involved in the downregulation of the expression of these elements. However, and despite the fact that RNAi elements are operational in *T. brucei*, neither *T. cruzi* nor *L. major* appear to have the full RNAi machinery. This has led to the suggestion that *T. cruzi*, and perhaps other trypanosomatids, use an alternative strategy for silencing retroelements ([@B5]).

The sequence located at the 5′ end of human L1 has also been shown to promote transcription and to drive the expression of beta-galactosidase in a variety of transiently transfected cell types in tissue culture ([@B40]). The most critical sequences are located within the first 100 bp of L1Hs, although sequences within the first 668 bp also contribute significantly to the overall level of expression ([@B40]). The present data clearly show that Pr77 actively mediates transcription of the CAT gene, implying that Pr77 may well mediate L1Tc transcription. It cannot be excluded, however, that read-through transcription from neighboring genes may also produce L1Tc transcripts. It is noteworthy that LINE elements might be translated from external promoters, even in the presence of a functional LINE promoter ([@B41]). Interestingly, Pr77 contains the conserved CGT(G/T) motif found close to the transcription initiation sites of some non-LTR retrotransposons in insects ([@B42],[@B43]). This sequence acts as an efficient binding site for a specific protein ([@B42]) and is involved in transcription of the silkworm *Bombyx mori* TRAS1 non-LTR retrotransposon ([@B43]). Further, the location of this conserved core in L1Tc Pr77 is identical to that seen in *ingi* and RIME. In addition, an upstream sequence almost complementary to the conserved core is also present in all three. These two sequences have been shown to be involved in the binding of an unknown 50 kDa nuclear protein present in both bloodstream and procyclic forms of *T. brucei* ([@B39]). Remarkably, this conserved core is also present in a region located 30--40 bp downstream of the transcriptional start site of several *Drosophila* and mammalian non-TATA genes which are expressed in a regulated fashion and are known to have transcriptionally important downstream elements ([@B42]).

Several experiments have shown that the Pr77-derived transcripts lack a splice leader sequence, while transcripts such as those derived from the 5′UTRKmp11 gene are efficiently spliced and bear the SL at the expected splicing acceptor signal of the gene. The present data show that, in the natural environment of *T. cruzi*, the L1Tc transcripts also appear to be unspliced. Thus, the moderate L1Tc transcript stability---deduced from transcription inhibition with actinomycin D and the results of northern blot analysis---might be related to its unspliced nature. As far as is known, most genes in trypanosomes are transcribed polycistronically and then cleaved into functional mRNAs by trans-splicing of a capped 39-nucleotide leader RNA derived from a short transcript. However, trans-splicing within a specific transcript produces loss of the sequence upstream of the splicing acceptor site. Sequence analysis of the 5′ end of 19 cDNA clones derived from *T. brucei* RIME and *ingi* elements has shown that none contain the mini-exon sequence found at the 5′ end of all known functional trypanosome RNAs ([@B37]). Thus, the unspliced nature of the non-LTR retroelement transcripts seems to be a general characteristic of these LINEs in trypanosomatids, which evolved to conserve the full length of their transcripts and thus guarantee the autonomous character of newly inserted copies.

The present data indicate that the Pr77-derived CAT transcripts are initiated at or close to nucleotide +1 of Pr77, as deduced from primer extension analyses performed with cytoplasmic and polyadenylated RNA fractions from Pr77CAT *T. cruzi* transfectants ([Figures 5](#F5){ref-type="fig"}B and [6](#F6){ref-type="fig"}). L1Tc endogenous transcripts are also predominantly initiated at nucleotide +1 of L1Tc, as observed in the primer extension assays employing L1Tc-specific antisense primers and cytoplasmic RNA from wild-type *T. cruzi* epimastigotes. This explains the presence of a highly abundant 5 kb L1Tc messenger the length of the complete genomic element in epimastigotes of *T. cruzi* ([@B14]). Thus, the existence of unspliced L1Tc transcripts starting at nucleotide +1 seems to ensure that full-length retrotransposed L1Tc RNAs retain an intact internal promoter. This result is consistent with that deduced from the analysis of L1Tc/NARTc distributions over 10 kb-long contigs generated from the *T. cruzi* genome database, suggesting that most elements are generated by reverse transcription of full-length L1Tc/NARTc transcripts. In fact, approximately 47.25% of L1Tc elements and 85.7% of NARTc are full-length elements. The remaining elements are 5′ end truncated (49.7% of L1Tc and 7.15% of NARTc) or 3′end truncated (1.68% of L1Tc and 7.14% of NARTc). This truncation may be a consequence of unfinished reverse transcription ([@B44]).

The amount of mRNA derived from a retrotransposon is directly proportional to its transposition rate. However, transcription of almost all trypanosome genes is constitutive. Most of the regulation of gene expression in these organisms seems to occur post-transcriptionally either by controlling the stability of the processed mRNAs or by translational controls ([@B45]). Interestingly, the Pr77-derived unspliced transcripts can be translated to generate the corresponding protein. However, as deduced from the amount of CAT protein, the level of protein expression mediated by Pr77 in pTEX(−)pR77CAT transfectants is much lower than that detected in pTEXCAT parasites. The low translation level could be a consequence of the unspliced character of the Pr77-derived transcripts. However, it cannot be excluded that other L1Tc sequences located downstream of Pr77 are required for ribosome stabilization. It has been described that the potentially active L1Tc elements contain an *in vivo* functional viral-like 2A self-cleaving sequence (L1Tc2A) located downstream of Pr77 and in frame with the proteins that L1Tc encodes ([@B46]). The present data suggest that the mechanism of polypeptide cleavage by the L1Tc2A peptide is co-translational and could influence the composition and probably the relative abundance of the proteins that compose the L1Tc mobilization machinery ([@B46]).

The transcription of a full-length LINE containing an 'internal promoter structure' would lead to the generation of a complete active copy when it is inserted at a new location. Thus, the 'internal promoter structure' of human L1 implies that the generation of an active copy occurs when it is inserted at a new location ([@B47]). This resembles the promoter of eukaryotic tRNA genes which are transcribed by RNA pol III ([@B48]). However the protein coding capacity of the L1 RNA, poly (A) tail, and the *in vivo* α-amanitin inhibition seen suggest that the non-LTR retrotransposons are transcribed by RNA polymerase II ([@B13]). Further, other LINE elements such as Jockey, I factor, F and Doc in *Drosophila* have been shown to contain an internal pol-II-dependent promoter ([@B49; @B50; @B51; @B52]). Although the three classical RNA polymerases (pol I, II and III) have been detected in trypanosomatids ([@B53]) and it is known that protein-coding genes are transcribed by RNA polymerase II, no RNA polymerase II promoters had been clearly identified to date in these organisms. All previous attempts to identify pol II promoters have failed to provide a full characterization, with the exception of the SL RNA promoter ([@B54]). The run-on experiments described in the present work show that the L1Tc transcripts are RNA pol II-dependent since transcription is sensitive to 1 mg/ml α-amanitin and 0.6% sarkosyl treatments, and resistant to 83 µM of tagetitoxin.

The strand-switch regions in trypanosomatids appear to be correlated with non-LTR retrotransposon sites ([@B55]). Interestingly, nuclear run-on analyses of *L. major* chr1 showed that specific RNA-polymerase-II-mediated transcription leading to the production of stable transcripts initiates within the strand switch region and proceeds bidirectionally toward the telomeres, and that non-specific transcription takes place over the entire chr1 but at an approximately 10-fold lower level than that occurring when transcription initiates in the strand-switch area ([@B56]). It has been shown that the Pr77 sequence does not associate with retroelements at 24 different genomic positions in *T. cruzi* ([@B44]) and that it is conserved in the *L. major* genome despite the lack of active mobile elements ([@B37]). Further, L1Tc/NARTc elements in *T. cruzi* are frequently associated with DGF-1, expressed RHS multigene family and with genes coding for surface proteins such as transialidase, mucins, mucin-associated surface proteins and gp63 peptidase ([@B17],[@B57]). Thus, the relatively high degree of dispersion that L1Tc and non-coding but transcriptionally active NARTc elements show, reinforces the idea that these non-LTR retrotransposons are responsible for the transcription of adjacent genes and polycistrons.
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